The process of chromosome duplication faces many obstacles. One way to circumvent blocks is to hop over them by placing a new clamp on a downstream primer. This resembles lagging strand synthesis, where the tight grip of polymerase to the clamp and DNA must be overcome upon completing each Okazaki fragment so it can transfer to new primed sites. This review focuses on recent singlemolecule studies showing that Escherichia coli Pol III can hop from one clamp to another without leaving the replication fork. This capability provides a means to circumvent obstacles like transcription or DNA lesions without fork collapse.
Introduction
Chromosomal replicases utilize circular sliding clamps for high processivity during replication (reviewed in [1] ). Sliding clamps are ring shaped homo-oligomers in all cell types (Fig. 1A) . The rings are opened and closed around DNA by a multi-protein clamp loader that couples the energy of ATP hydrolysis to this task. Crystal structures of the multi-protein clamp loaders from Escherichia coli and yeast show that they are circular heteropentamers comprised of AAA+ subunits (ATPases Associated with a variety of Activities) (Fig. 1B) [2, 3] . The subunits of the clamp loader form a central chamber that binds primed DNA in a structure specific manner and positions the duplex through the opened clamp prior to ATP hydrolysis. Hydrolysis ejects the clamp loader allowing the ring to snap shut around DNA (Fig. 1C) . Sliding clamps slide along duplex DNA and they bind directly to the DNA polymerase, tethering it to the primed site for highly processive synthesis.
Sliding clamps not only bind the chromosomal replicase, but they also function with other proteins including ligase, mismatch repair proteins and several different DNA polymerases that are used for repair and lesion bypass [4] [5] [6] [7] [8] . The homo-oligomeric structure of sliding clamps enables them to bind to more than one protein at the same time suggesting they may act as a molecular tool-belt [9, 10] . A functional demonstration of a clamp as a tool-belt is provided by studies in the T4 phage replication system performed by the Benkovic group [11] . Using wild type and mutant T4 gp43 polymerases, they demonstrated that the polymerase trade places with one another through an intermediate complex of two DNA polymerases bound to one sliding clamp. Similar studies in the E. coli system have taken advantage of the different DNA polymerases in the cell that utilize the E. coli b sliding clamp and directly demonstrate formation of the intermediate complex of the replicase, DNA polymerase (Pol) III, and the translesion polymerase IV (TLS Pol IV) bound to one b dimer [10] . Further studies showed that different E. coli DNA polymerases (Pols II, III and IV) rapidly exchange the DNA between them during replication fork movement [12] .
This review focuses on the use of the sliding clamp in crossing barriers during replication. We provide a brief overview of how sliding clamps enable polymerase hopping over certain DNA blocks. Then we apply single-molecule analysis to one particular polymerase hopping event, asking if the polymerase stays associated with DNA during this process. The example we use is lagging strand replication which is extended in the direction opposite fork movement; this acts as a barrier to a processive polymerase which must undergo rapid dissociation/reassociation events with each Okazaki fragment. Lagging strand replication is proposed to occur without the escape of the lagging strand polymerase, implying that DNA loops, one for each Okazaki fragment, are formed as a result of the opposite direction of lagging strand synthesis relative to 0014 replication fork progression. The repetitive formation of DNA loops on the lagging strand, suggested by the constant association of the lagging strand polymerase with the replication apparatus, is referred to as the ''trombone model" of replication. The trombone model, hypothesized 40 years ago by the Bruce Albert's lab working in the T4 replication system [13] was further defined by a mechanism of polymerase hopping among sliding clamps [14, 15] .
Although the trombone model is widely accepted, it is difficult to prove and several laboratories continue to probe the mechanism of this fundamental process.
Examples of polymerase hopping among slide clamps to overcome barriers to replication
Chromosomes contain very long DNA molecules that are riddled with a variety of barriers to replication fork progression. Replication over these barriers is likely to be solved in a variety of ways. One mechanism that is applied to a subset of barriers is the use of two sliding clamps, one in front and one in back of the barrier, followed by polymerase hopping over the block by dissociating from the clamp behind the block and reassociating with the other clamp ahead of the block (Fig. 2) .
Polymerase hopping among sliding clamps was first observed in the E. coli system using two different primed DNA substrates [14] . In this instance, the ''barrier" was the tight grip of the processive Pol III replicase to DNA. Polymerase release from DNA was measured by assembling Pol III on one DNA substrate and observing its transfer to a second DNA substrate. Further study demonstrated that the Pol III replicase overcame its barrier by dissociating from the circular b clamp, specifically upon completing replication of the first DNA substrate; the clamp was left behind on the completed DNA while Pol III rapidly associated with another b clamp on the second DNA substrate [15] . At the time, this observation was taken as an explanation for how a chromosomal replicase can be highly processive, yet can rapidly recycle from one Okazaki fragment to the start of the next every 1-2 kb on the lagging strand ( Fig. 2A) .
The ability of Pol III to hop from one clamp to another can be generalized to other processes in which the polymerase must overcome and bypass certain replication barriers (reviewed in [16] . Consider the case of polymerase encountering a DNA lesion on a leading strand (Fig. 2B) . The Marian's lab has shown that primase (DnaG protein) can synthesize an RNA primer ahead of a block on the leading strand [17] . This enables the replication fork to move past the block by extending the new RNA primer. The mechanism of this process probably requires assembly of a new b clamp at the primed site to which the blocked Pol III can transfer. Another block that requires a polymerase hopping event is the encounter of a replication fork with an RNA polymerase transcribing the leading strand (Fig. 2C) . In this case the RNA polymerase is displaced, a b clamp is assembled on the mRNA transcript, and Pol III hops to the new clamp for continued leading strand replication [18] .
The trombone model of replication
Pol III hopping over barriers appear to generalize to eukaryotes, since the yeast DNA polymerase d is able to jump among sliding clamps, by losing its tight grip to DNA by releasing from the eukaryotic PCNA clamp and reassociating with a new PCNA clamp assembled onto a second primed substrate [19] . The underlying mechanism by which highly processive polymerases like E. coli Pol III and yeast Pol d lose their tight grip to the clamp is still far from understood. But regardless of the mechanism of this process, the polymerase is the component that comes free of the substrate (i.e. the clamp -DNA complex). Reassociation of the polymerase with its clamp is exceedingly rapid and is probably not a rate-limiting step in the polymerase hopping process. The rate-limiting step in this process is most likely to be the formation of the RNA primed site, or the assembly of a clamp on new RNA primers. These considerations bring into question whether the polymerase remains attached to the replisome during bypass of replication blocks by the polymerase hopping process.
The trombone model of replication is so named for the repeated formation of new DNA loops on the lagging strand, one for each Okazaki fragment [13] . As an Okazaki fragment is extended, the loop grows. When the Okazaki fragment is finished the loop disassembles and starts over again at a new RNA primer. The growth and loss of DNA loops resembles the action of a trombone slide as the instrument is played. At the root of this trombone model, and the repeated formation of DNA loops, is a requirement that the lagging strand polymerase remains associated with the replisome during production of multiple lagging strand Okazaki fragments. If the lagging strand polymerase were to dissociate from the replisome, the loop would not form, and another DNA polymerase molecule would associate with a clamp on the new RNA primer for extension of the next Okazaki fragment.
Initial evidence for a processive lagging strand polymerase, and thus DNA looping, was the persistence of Okazaki fragment synthesis after dilution of assembled replisomes in the T4 and E. coli systems [13, 20] . But if the kinetics of polymerase association with clamps is rapid, and not rate-limiting at the dilution used, one cannot distinguish whether the same polymerase or different DNA polymerases are used to extend multiple Okazaki fragments. Electron microscopy studies in the T4 and T7 systems provide strong evidence for DNA looping [21] [22] [23] . However, these studies provide only snapshots of a dynamic process and one could argue that transient association of the polymerase to the helicase, or other components at the fork, become trapped by cross-linking reagents used in the analysis. In this case, different polymerases could be utilized for each new lagging strand fragment, yet loops would be observed due to cross-linking of transient intermediates. Single-molecule studies in the T4 and E. coli replication systems by the Van Oijen lab have made conclusions about lagging strand loops by following the movement of a bead attached to the lagging strand [24] [25] [26] . The bead movements are consistent with formation of DNA loops, although new data suggests another explanation for bead movements besides Okazaki fragment extension loops [27] . The remainder of this review explains single-molecule experiments that are performed using immobilized rolling circle substrates in the E. coli replication system to measure the number of Okazaki fragments that are synthesized by a single lagging strand DNA polymerase molecule [28] .
Architecture of the E. coli replisome
The organization of proteins at the E. coli replication fork is illustrated in Fig. 3 (reviewed in [1] ). The hexameric DnaB helicase encircles the lagging strand and uses ATP to translocate along single-strand DNA and separate the parental duplex. The clamp loader pentamer contains at least two s subunits which have C-terminal extensions that protrude from the top of the clamp loader; each C-terminal extension binds to a DnaB helicase subunit and a molecule of Pol III. Pol III contains three subunits referred to as Pol III core (a, DNA polymerase; e, 3 0 -5 0 exonuclease; h, unknown function). The assembly containing a clamp loader and two molecules of Pol III core is referred to as Pol III * . Each molecule of Pol III core within Pol III * binds a b clamp to form the Pol III holoenzyme. The b clamps confer processive synthesis onto both the leading and lagging strand Pol III cores. One or more molecules of primase interact Fig. 3 . Replisome architecture and function in E. coli. (A) The E. coli replisome consists of the DnaB homohexameric helicase that encircles the lagging strand, a multi-protein clamp loader that has s subunit extensions that bind DnaB and two Pol III cores. The Pol III cores are held to the leading and lagging strands by b clamps for high processivity.
Primase binds DnaB for synthesis of an RNA primer. The single-strand DNA is bound by SSB. The insets illustrate the action of the lagging Pol III core in overcoming the opposite directionality of the replisome by hopping to a new clamp and leaving the old clamp behind on an extended Okazaki fragment. (B) Rolling circle replication. The illustration shows the production of leading and lagging strands by the replisome on a minicircle. Reactions were performed similar to single molecule experiments (as described) in the legend to Fig. 6 ) except the replication initiation buffer contained either 32 P-dATP or 32 P-dTTP. The data shows leading and lagging strand product analysis in an alkaline gel.
with DnaB for synthesis of an RNA primer, and then dissociate [29] . Thus primase must be replenished from solution for each Okazaki fragment.
The illustration in Fig. 3A depicts the trombone model, with a DNA loop during Okazaki fragment extension due to the association of the lagging strand Pol III-b complex with the replication fork. The subsequent steps in the figure depict the release of the DNA loop when the polymerase leaves behind the old b clamp and binds to a newly assembled clamp on the RNA primer. The trombone model and DNA loop will not prevail if the lagging strand Pol III does not remain attached to the replisome during production of multiple Okazaki fragments. In this case, the Pol III-b complex detaches from the replisome while it extends an Okazaki fragment and a different Pol III core is recruited from solution for the new b clamp on the next RNA primer.
Rolling circle replication
A common method to study replisomes in vitro is to assemble the replisome on a replication fork substrate. Replisome studies often utilize a ''rolling circle" substrate which is a circular duplex DNA with an break in one strand that has a 5 0 single-strand (ss) DNA tail (Fig. 3B) [30] . The inner circle is the leading strand template, and since a circle has no end, the replisome can progress around the circle indefinitely, thus the name ''rolling circle". The leading strand product is continuously displaced from the circle to produce a long ssDNA tail that serves as template for primase and the lagging strand DNA polymerase.
To assemble the E. coli replisome onto the minicircle replication fork, DnaB is allowed to slide over the 5 0 ssDNA tail, followed by the Pol III * and the b clamp that load onto the 3 0 terminus of the circle. This assembly step is performed in the presence of only two dNTPs to prevent replisome movement. Upon adding dNTPs, rNTPs, primase and SSB the replisome extends the 3 0 terminus multiple times around the circle, resulting in a long double-strand (ds) DNA tail; one strand is the product of the leading polymerase while the other strand is comprised of lagging strand Okazaki fragments. In the study we review here, we used a synthetic ''minicircle" with a 40 dT 5 0 ssDNA tail, and a 100 mer inner circle that contains no dT residues [12] . This strategy, pioneered by the Richardson group [21] , enables one to label either the leading or lagging strand depending on whether a-32 P-dATP or a-32 P-dTTP is added to the reaction. An example of the product analysis of a minicircle replication reaction in an alkaline agarose gel is shown in Fig. 3B . The leading strand products are much longer than the DNA standards and migrate slowly in the gel, while the lagging strand Okazaki fragments average around 650 nucleotides in length.
Single-molecule microscopy
The DNA looping trombone model of replication requires that the lagging strand DNA polymerase remain attached to the replication fork during multiple cycles of Okazaki fragment synthesis. The rationale to access the processivity of the lagging strand polymerase by single-molecule techniques is illustrated in Fig. 4A . Singlemolecule studies of DNA replication are performed using an immobilized rolling circle substrate in a flow cell. Therefore, when the lagging strand polymerase dissociates from the replication fork, it will be carried away in the buffer flow (which does not contain any Pol III), preventing further lagging strand synthesis. Continued leading strand synthesis will yield only single-strand DNA. A fluorescent DNA intercalator will only detect double-strand DNA, not single-strand DNA. Therefore the length of the duplex DNA tail produced by the replisome on a rolling circle substrate in the presence of a constant buffer flow directly reflects the amount of DNA synthesized by a single lagging strand DNA polymerase that binds and dissociate successively for each Okazaki fragment (Fig. 4B) . With this experimental strategy in mind we developed the necessary tools to perform rolling circle replication in a flow cell and to detect the double-strand DNA product.
To construct a flow cell for these studies we made a negative lithography mold on a glass slide 2.5 mm wide, 25 mm long and 50 microns high. A photoclear elastomer was poured over the mold and allowed to harden into a semisolid. Then a rectangular block was cut around the channel produced by the mold. Holes were Fig. 4 . Experimental rationale to determine whether Pol III hops to new clamps without leaving DNA. (A) Rolling circle replication is immobilized at the 5 0 tail, and is performed by the E. coli replisome in a flow cell using a buffer that contains nucleotides needed for replication, but does not contain Pol III. Due to the opposite directionality of Okazaki fragment synthesis, the lagging strand Pol III must dissociate from each extended Okazaki fragment, yet remain attached to the replisome in order to extend RNA primers as they are synthesized by primase. (B) If the lagging strand Pol III dissociates from the minicircle, it is carried away by the flow. The leading strand Pol III may continue with DnaB helicase to form ssDNA, but the ssDNA cannot be converted to dsDNA because the lagging strand Pol III has been carried away in the buffer flow. Only the dsDNA, made by the lagging strand Pol III, is detected by a fluorescent intercalator.
punched from the top of the elastomer block at either end of the channel into which tubing was inserted for a buffer flow. The elastomer block was then welded to a cover slip using a plasma oven. A picture of the flow cell is shown in Fig. 5A .
To visualize individual DNA molecules inside the flow cell, we used an Olympus IX70 microscope and a 488 nm solid state laser to excite a fluorescent intercalator bound to double-strand DNA. Fluorescence emission was collected back through the objective and filtered for residual laser light before being captured by a 512 Â 512 thin backed Hamamatsu EM CCD camera. A motorized shutter permitted a 100 ms exposure every 1 s. The signal to noise ratio was improved by aligning the excitation laser at the proper angle through the objective to obtain total internal reflectance fluorescence (TIRF). TIRF limits fluorescence emission to molecules that are within 100-200 nm of the reflecting interface. To immobilize DNA to the surface of the flow cell, we followed protocols developed in Eric Greene's laboratory (Columbia University) to form a lipid bilayer [31] . Formation of lipid bilayers inside a flow cell from freshly sonicated liposomes requires several buffer exchanges of a few hours, and is usually performed with the flow cell attached to the microscope. To circumvent this bottleneck we designed ''flow cell platforms" to which the flow cell can be tightly fastened during lipid bilayer formation (Fig. 5A ). This enabled production of lipid bilayers in several flow cells in parallel.
The lipid bilayer contains a small percent (0.5%) of lipids containing a biotin modified head group, and this provides an attachment point to the 5 0 biotinylated DNA rolling circle through a neutravidin sandwich. The DNA-lipid conjugate diffuses in the lipid bilayer, and the hydrodynamic force of the buffer flow on the DNA causes the DNA-lipid conjugate to move in the direction of the buffer flow. To trap the DNA-lipid conjugate, the glass cover slip is etched with a diamond scribe before welding the elastomer flow cell together. These scratches form diffusion barriers across which lipids do not migrate. Thus, the DNA-lipid conjugates form a curtain at a diffusion barrier. Fig. 5B shows a curtain of biotinylated lambda DNA-lipid conjugates in presence of the yo-pro1 intercalator at a diffusion barrier under different flow rates. The contour length of lambda DNA is measured at different flow rates, and this quantitate the force at the surface of the flow cell for a given flow rate. In the experiments described here, a force of 1.45 pN was provided by a flow of 100 ll/min which stretches lambda DNA to 88% of its full length.
Visualization of replisome action in real-time
To visualize replisome action during DNA synthesis, the minicircle replication fork substrate was constructed with a 5 0 biotin for attachment to the lipid bilayer [29] . To monitor replication in real-time we chose the fluorescent DNA intercalator Yo-Pro1 instead of the more commonly used Yo-Yo stain. Yo-Pro1 is a monomeric version of Yo-Yo, and this lowers its affinity for DNA considerably. This requires use of more Yo-Pro1 to visualize DNA, compared to Yo-Yo, but Yo-Yo binds DNA tightly and significantly inhibits minicircle replication in bulk phase assays, while Yo-Pro1 does not inhibit replication even at high concentrations [29] . Furthermore, Yo-Pro1 binds to DNA rapidly and also dissociates rapidly, unlike Yo-Yo which is slow to bind and release DNA. Thus, photobleaching is less of a concern with Yo-Pro1 since bleached Yo-Pro1 molecules rapidly exchange with new molecules of YoPro1, thereby providing a continuous signal during irradiation with a laser.
The experimental design of a single-molecule experiment is illustrated in Fig. 6A . First, replisomes were assembled onto the minicircle DNA, and then the reaction mix was slowly passed through the flow cell (10 ll/min) for immobilization of the replisome-DNA complex to the lipid bilayer. After immobilization, un- Replisomes were assembled by mixing DnaB helicase (18.2 pmol, 365 nM) with minicircle DNA (655 fmol, 13.1 nM) in 50 ll Buffer A (20 mM Tris-HCl, pH 7.5, 5 mM DTT, 40 lg/ml BSA, 4% glycerol) containing 8 mM MgOAc 2 and 1.25 mM ATP, followed by incubation for 30 s at 37°C. Then 25 ll of buffer A containing Pol III * (675 fmol, 27 nM), b 2 (1.85 pmol, 74 nM as dimer), 60 lM each dCTP and dGTP and 8 mM Mg(OAc) 2 was added. After 6 min at 37°C, 1 ll of the reaction was diluted into 1 ml of Buffer B (Buffer A containing 8 mM MgOAc 2 , 60 lM each of dCTP and dGTP, and 50 nm Yo-Pro1). The reaction was passed through the flow cell at 10 ll/min for 30 s and then replication was initiated upon flowing (100 ll/min) Buffer A containing 60 lM of each dNTP, 250 lM each of CTP, TTP, and UTP, 1 mM ATP, 462 nM SSB 4 , 300 nM primase, 50 nM b 2 , 50 nM Yo-Pro1, 0.8% glucose, 0.01% b-mercaptoethanol, 0.57 U glucose oxidase, and 2.1 U catalase [28] . (C) Histogram of the observed length of 400 DNA molecules and a oneGaussian fit analysis (black line). (D) A control reaction using a replisome containing DnaB and only one Pol III core-b for leading strand synthesis in the absence of lagging strand synthesis. The ssDNA product is visualized by epifluorescence using SSB labeled with a red fluorophore. bound proteins were washed away using a buffer flow lacking proteins (100 ll/min). The force of the hydrodynamic flow causes the replisome-DNA-lipid conjugate to migrate in the bilayer and stop at a diffusion barrier. Replication is then initiated using a buffer flow that contains the four dNTPs, four rNTPs, primase, SSB, b and Yo-Pro1, but lacks Pol III * and DnaB.
Replication results in the growth of a ''curtain" of DNA strands that are visualized in real-time (Fig. 6B) . Each DNA thread is the product of an individual replisome and the minicircle is located at the growing point, or tip of the thread. The field of view in Fig. 6B is about 390 kb. The length of individual DNA strands vary considerably; some are less than 30 kb while others are over 300 kb. The length distribution of 400 individual molecules, fit to a single Gaussian function, yields an average length of 86.5 ± 5.3 kb (Fig. 6C) .
The production of long strands of dsDNA in the presence of a constant buffer flow has important implications for replisome mechanism and supports the trombone model of replication. A dsDNA molecule that averages 86 kb contains about 132 Okazaki fragments given the size of Okazaki fragments in bulk phase assays under the same conditions. The production of over 100 Okazaki fragments by one replisome while in a constant buffer flow containing no Pol III, indicates that a single lagging strand Pol III extends all the Okazaki fragments and stays attached to the replication fork the entire time. Therefore each Okazaki fragment must have involved the formation of a DNA loop considering that lagging strand synthesis occurs in the opposite direction of leading strand synthesis.
To confirm that the fluorescent dsDNA product visualized in the experiment depends on a lagging strand Pol III that remains constantly attached to the replisome, and that there was no hidden source of endogenous polymerase, several control experiments were performed. In one control we reconstituted a Pol III * assembly that contained only one Pol III core. During rolling circle replication with DnaB helicase, the ''monopolymerase replisome" should produce only the long ssDNA product of leading strand synthesis, even though RNA primers will still be formed on the ssDNA because primase, SSB and b are present in the buffer flow. If there is no source of endogenous Pol III in the system, the RNA primers will not be extended and the leading strand ssDNA product will not become converted to dsDNA. The result shows no fluorescence, confirming that no Pol III is present to extend Okazaki fragments for Yo-Pro1 intercalation. To prove that a long leading strand ssDNA is indeed produced by the monopolymerase replisome, we used an SSB labeled with Texas red that should decorate the ssDNA for visualization by fluorescence. To excite the Texas red-SSB we used a mercury lamp instead of the laser (i.e. epifluorescence). As expected, long SSB coated filaments of ssDNA are detected (Fig. 6D) . In another control, omission of primase from the buffer flow results in only leading strand products even when leading and lagging strand polymerases are present in the replisome (not shown). In another control performed using the complete replisome with leading and lagging strand polymerases, b was omitted from the buffer flow, (primase and SSB were present). Again, no dsDNA product is detected by Yo-Pro1 (data not shown). This control shows that new b clamps must be assembled on RNA primers during lagging strand synthesis. The single-molecule experiments are performed in the absence of additional clamp loader in the buffer flow, and therefore the clamp loader in the replisome is capable of loading b clamps on RNA primers as they are produced by primase.
DnaB helicase stays in the replisome longer than Pol III
In the single-molecule experiments, replisome function can be terminated by dissociation of either Pol III, the clamp loader or DnaB helicase, since none of these components are present in the buffer flow. In Fig. 7 , we compare experiments performed in the presence or absence of Pol III * in the buffer flow. If replication fork progression is terminated by DnaB helicase dissociation, the DNA product length should not be affected by the presence of Pol III * in the flow. But if Pol III * dissociates before DnaB, then Pol III * in the buffer flow may bind DnaB for continued fork progression and longer threads of dsDNA will be produced. Indeed, longer DNA products were observed. Analysis of 400 molecules, fit to a single Gaussian function, yields an average length of 140.4 ± 6.8 kb (Fig. 7C ). This length of DNA is 163% the length observed when Pol III * is omitted from the flow (compare red and green histograms in Fig. 7C ). Hence, we conclude that Pol III * often dissociates before DnaB helicase. The reverse experiment, in which DnaB is included in the buffer flow, carries little value since helicase loading factors are required to reassemble DnaB helicase onto DNA in the presence of SSB [32] . Even if the helicase loading factors were included, the kinetics of the helicase loading process is currently unknown and would likely result in a long pause before a functional replisome reassembled. Replisome reassembly after fork collapse is, of course, a fascinating topic and single-molecule analysis using the system reviewed here provides an elegant method to observe the process of replication restart in real-time.
Summary
It is of paramount importance that a dividing cell duplicates its entire genome. Given the enormous size and complexity of genomic DNA, the duplication process likely encounters a considerable number of obstacles during the replication process. Given the central importance of finishing replication once it has started, natural selection has arrived at solutions that resolve conflicts between the replication apparatus and various blocks to replication fork progression. One method the replisome uses to circumvent blocks is to hop over them by placing a new clamp onto a primed site on the other side of the block. This may, in fact, be the reason clamps and clamp loaders evolved in the first place, rather than simply for processive DNA synthesis. The fact that clamps and clamp loaders are not fundamentally required for processive synthesis is provided by the demonstration of highly processive viral polymerases that do not utilize a sliding clamp and clamp loader [32] .
This review has focused on recent single-molecule studies that examine the ability of E. coli Pol III to hop from one clamp to another without leaving the replication fork [12] . To assess this, polymerase hopping to sliding clamps during lagging strand replication was studied. The ''barrier" that must be traversed during lagging strand synthesis is the tight grip of Pol III to the b clamp and DNA, which must be overcome upon extending each Okazaki fragment so Pol III can transfer to new primed sites. The experiments reviewed here demonstrate that the polymerase is highly proficient at hopping from one clamp to another without dissociating from the replication fork. Maintaining this association with the rest of the replication fork during polymerase hopping from one clamp to another suggests that movement past blocks like RNA polymerase or DNA lesions, could happen without fork collapse.
